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• A flywheel (diameter approx. 1.4 m, mass 4 t) is bolted by 15 screws M24 x 200 mm 
• The foreseen hub-shaft-connection uses a cone 1:6 to mount the cone and assure a 
proper function until 3000 rpm 
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1. Application problem description 
Cone 1:6 
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• Overdetermined fit: A defined contact pressure at the cone 
shall be enforced by an axial gap: When the bolts are 
tightened with 250 kN each, this gap shall be closed and 
the cone is being pressurized 
• Friction coefficient is µ=0.15 at all contact surfaces 
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1. Application problem description 
Cone 1:6 
Axial gap before tightening: 4 mm  
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• Finite friction contact is required to accurately solve this analysis task! 
• The limitation of the finite friction contact implementation to LDA theory prevents or 
limits the use of many features/elements [1], [2]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
• Therefore, subsequently best practices are described how to solve this problem in 
LDA even though! 
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1. Application problem description 
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Best practice to model a bolt in LDA 
 The fastener is represented by a subassembly consisting of the bolt shaft and the bolt head 
 In our example, we have a bolt shaft with an M24 thread until the bolt head, so the shaft has a 
stress cross section diameter of  21,19 mm everywhere and not the nominal diameter of 24 mm 
 The shaft is consisting of the unthreaded part, separated by a volume region, and the threaded part 
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2. Solution using a 3D segment model 
2.1 Best practice for bolt idealization in LDA 
Threaded end (blue) 
connected to the nut 
or tapped blind hole 
by a weighted link 
(=no thermal 
relative strains!) 
Unthreaded part of 
the shaft, separated 
by a volume region 
(green) 
The bolt head is a 
separate part which 
is not thermally 
loaded, so there are 
no relative strains 
below the bolt head!  
One rigid link 
connecting the 
dependent points of 
the two weighted 
links joining the axial 
end faces 
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 AutoGEM controls “prismatic elements” and “element size” are used: These are hierarchical and 
therefore can be defined on bolt part/subassembly level (unlike the mapped mesh control) 
 These controls minimize element consumption especially if many bolts are used in the model, and 
increase the accuracy of the bolt stress results especially at low p-levels 
 For the shown example, just approx. 50 elements are used (only wedges and bricks) 
 Even less elements are possible if a bigger element length along the bolt shaft is accepted 
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2. Solution using a 3D segment model 
2.1 Best practice for bolt idealization in LDA 
Rev. 1.0 | 12.03.2018 
 The bolt shaft is not directly connected to the surrounding geometry (=connection to the bolt 
head/bolt head area of support/tapped blind hole) 
 Therefore, thermal shrinking of only the bolt shaft part enforces the preload without any disturbing 
thermal strain/stress effect! 
 No notches are at the shaft: The idealized model delivers pure nominal shaft stresses which can be 
compared with bolt guidelines and evaluated in the PP: Fast and effective while still accurate! 
 Optional max. stress measures at the bolt shaft can show possible additional bending (or torque)  
on the bolt in graph plots or already in the rpt-file! 
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2. Solution using a 3D segment model 
2.1 Best practice for bolt idealization in LDA 
Rev. 1.0 | 12.03.2018 
• The bolt preload can now be automatically adjusted with help of a feasibility study 
and a parameterized reference temperature for the structural T-load case: 
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2. Solution using a 3D segment model 
2.2 Best practice for adjusting the bolt preload in LDA 
Rev. 1.0 | 12.03.2018 
• Note the nonlinear contact analysis 
referenced by the feasibility study is 
allowed to have load steps 0 and 1 only! 
• Therefore, load step 1 must reflect the 
pure preload case! 
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2. Solution using a 3D segment model 
2.2 Best practice for adjusting the bolt preload in LDA 
Required preload is 
adjusted here! 
Required parameter domain is entered here. 
Use suitable start value to improve speed! 
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• To obtain a shorter analysis time, the problem is computed as 360°/15 = 24° 
segment model shown below 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Best practice: 
• In nonlinear analysis, always use smallest possible simulation model since friction 
contact is computational very expensive! 
• If possible, therefore reduce the problem to a 2D model (it is possible here, but nut 
part of this short presentation!) 
13 
2. Solution using a 3D segment model 
2.3 General model set up 
24° model 
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• Finite friction contact at cone and axial flange 
• Bonded interface below the bolt head 
 
 
 
 
 
 
 
 
 
 
 
 
 
Best practice: 
• Use finite (and infinite) friction contact only if these are really necessary for a correct 
problem description, since these usually slow down convergence! 
• If possible, use friction-free contact, this works fastest and most robust! 
• Use a bonded interface where sliding is not expected (instead of an infinite friction 
contact), like in our case under the head of the long and slim bolt. Check interface 
loads by measures here (e.g. because of possible total preload loss)! 
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2. Solution using a 3D segment model 
2.4 Interface definition 
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Constraints 
• Constraint set named “shaft end” to fix the shaft end in axial and tangential direction 
(always required) 
• Constraint set named “cyl_sym” that uses a cylindrical coordinate to constrain the 
cutting surfaces in tangential (normal) direction 
• Both constraint sets are active in the analysis 
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2. Solution using a 3D segment model 
2.5 Constraints 
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• In a first step, we want to apply a 
bolt preload of 250 kN  for the 
M24 steel bolt and look for the 
behavior if all contacts are set to 
friction-free in LDA theory 
• Therefore, we define a static 
contact analysis with a structural 
temperature load applied to the 
bolt shaft only in load step 1 
• A superimposing feasibility study 
then searches for the required 
parameter “PRELOAD_THERM” 
that creates the wished preload 
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2. Solution using a 3D segment model 
2.6 Preload adjustment for the friction-free case 
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• For the estimated parameter start value of 0.025, we obtain an accurately adjusted 
bolt preload within 8 minutes (PRELOAD_THERM=0.0259383) 
• An adjustment with friction free contact using SDA instead of LDA usually works 
much faster, whereas one with finite friction contact in LDA usually needs much 
longer, since the latter often activates load substepping for accurate results 
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2. Solution using a 3D segment model 
2.6 Preload adjustment for the friction-free case 
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• We want to apply the full bolt preload of 250 kN 
in load step 1 and the maximum rotational 
speed of 3000 rpm in load step 2 
• We use friction-free contact with LDA and want 
to compute 20 intermediate steps to 
understand when contacts close or open 
• In a second analysis, we refine load stepping 
around times where gaps close and make 
stepping coarser where nothing happens 
 
 
 
 
 
Best practices:  
• For friction free contacts, you do not need to 
define intermediate steps in most cases if you 
are not interested in them. This does especially 
in SDA not increase the analysis accuracy. 
• For finite friction contacts, intermediate steps 
may be helpful to increase analysis accuracy, 
especially if substepping is not turned on by the 
engine automatically! 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
LDA invoked 
1. 
2. 
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Measure results [N] for the friction free case using LDA 
 The axial contact starts to close when the bolt preload reaches approx. 140 kN (1.) 
 The cone contact gaps under full rotational load of 3000 rpm! (3.) 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
bolt force 
cone normal force 
axial flange force 
1. 3. 
2. full preload 
applied (t=1) 
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Measure results [N] for the friction free case using SDA only for comparative purposes 
 No significant difference in result, SDA would have been sufficient here! 
 Slightly higher preload may also be due to smaller adjusted contact interference! 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
bolt force 
cone normal force 
axial flange force 
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Analytical cross-check of the loads at the cone for the friction-free case: 
• The general relation between axial bolt force 𝐹𝑉 and the normal force 𝐹𝑁 at the cone is 
𝐹𝑉 = 𝐹𝑁
sin (𝛼 + 𝜌)
𝑐𝑜𝑠𝜌
 
• Herein we have the friction angle 𝜌 = arctan 𝜇 = 0° for the friction free case 
• For a cone 1:6 the (half) cone angle  becomes 4.76364° 
• We obtain for our 24° segment (if the axial flange contact does not close!): 
𝐹𝑉 = 𝐹𝑁
𝑠𝑖𝑛 (4.76364° + 0°)
𝑐𝑜𝑠0°
= 0.083 𝐹𝑁 
• For computation of the average pressure at the cone: 𝑝𝑎𝑣 =
𝐹𝑁
𝐴𝑐𝑜𝑛𝑒
=
𝐹𝑁
3282.56𝑚𝑚2
 
• The axial, nominal bolt stress for an M24 bolt stress diameter becomes: 
𝜎𝑎𝑥 =
𝐹𝑉
𝐴𝑠𝑡𝑟𝑒𝑠𝑠
=
250 𝑘𝑁
𝜋
4 21.19 𝑚𝑚
2 =709 MPa  (bolt yield force: 317.39 kN) 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
flywheel 
shaft 
 We can observe a good 
match of analytical and 
numerical results! 
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Contact pressure [MPa] for typical load cases – friction free case (LDA) 
 1. Last load step before the axial contact starts to close; 2. Full bolt force applied;  
3. Full rotational speed (3000 rpm) – cone contact gaps! 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
𝐹𝑉 = 137.879 𝑘𝑁 
𝐹𝑓𝑙𝑎𝑛𝑔𝑒 = 0 𝑘𝑁 
𝐹𝑁 = 1641.8 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 500 𝑀𝑃𝑎 
𝐹𝑉 = 248.474 𝑘𝑁 
𝐹𝑓𝑙𝑎𝑛𝑔𝑒 = 107.751 𝑘𝑁 
𝐹𝑁 = 1678.12 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 511 𝑀𝑃𝑎 
𝐹𝑉 = 217.315 𝑘𝑁 
𝐹𝑓𝑙𝑎𝑛𝑔𝑒 = 217.5 𝑘𝑁 
𝐹𝑁 = 0 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 0 𝑀𝑃𝑎 
1. 2. 3. 
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Von Mises stress results [MPa] for typical load cases – friction free case (LDA) 
 1. Last load step before the axial contact starts to close; 2. Full bolt force applied;  
3. Full rotational speed (3000 rpm) – cone contact gaps! 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
𝐹𝑉 = 137.879 𝑘𝑁 
𝐹𝑓𝑙𝑎𝑛𝑔𝑒 = 0 𝑘𝑁 
𝐹𝑁 = 1641.8 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 500 𝑀𝑃𝑎 
𝐹𝑉 = 248.474 𝑘𝑁 
𝐹𝑓𝑙𝑎𝑛𝑔𝑒 = 107.751 𝑘𝑁 
𝐹𝑁 = 1678.12 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 511 𝑀𝑃𝑎 
𝐹𝑉 = 217.315 𝑘𝑁 
𝐹𝑓𝑙𝑎𝑛𝑔𝑒 = 217.5 𝑘𝑁 
𝐹𝑁 = 0 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 0 𝑀𝑃𝑎 
1. 2. 3. 
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Conclusions: 
• SDA and LDA theory deliver – like expected – 
nearly identical results for this application! 
• The results obtained for the friction free contact 
assumption match the expectations obtained 
from the analytical solution 
• The connection is poorly designed for various 
reasons, especially since average contact 
pressure at the cone is too high after bolt 
tightening and even though there is full preload 
loss at the cone for operational speed (3000 rpm) 
• In the next chapter, we will examine how friction 
at the contacts influences these results 
 
 
Best practice:  
• Don‘t run an LDA contact analysis if there are not 
very good reasons to do this – SDA contact runs 
much faster (since multi-threading is supported) 
and has less limitations [2], so unlike in LDA all 
Creo Simulate features are supported! 
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2. Solution using a 3D segment model 
2.7 Complete analysis for the friction-free case 
Full preload loss 
at the cone and 
partial preload 
loss at the 
fastener under 
max. rotational 
load of 3000 rpm! 
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• We want to apply the full bolt preload of 250 kN 
in load step 1 again and the maximum 
rotational speed of 3000 rpm in load step 2 
• Since now the friction at the cone acts against 
the bolt tightening, we have to readjust the 
initial preload of the bolt 
• We use finite friction contacts (µ=0.15) with 
LDA (only because SDA is not supported here) 
and want to compute 10 intermediate steps 
again to understand when gaps close or open 
 
Preload readjustment:  
• From the friction-free case, we obtained a 
preload of 250 kN for the parameter value 
PRELOAD_THERM=0.0259383 
• Since a similar preload adjustment with finite 
friction contacts now needs much longer 
(substepping invoked), we now better find the 
correct parameter PRELOAD_THERM=0.018 to 
obtain a bolt preload of 250 kN by a few 
estimates and test runs 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
LDA invoked 
Use correct 
interface 
definitions 
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Measure results [N] for the finite friction case (LDA) 
 The axial contact never closes for a preload of 250 kN with µ=0.15! 
 The cone contact gaps already under a rotational load of approx. 2250 rpm! 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
bolt axial force 
cone normal force 
axial flange normal force 
bolt head 
force mag. 
Bonded bolt head interface, in reality we 
would observe a total bolt preload loss! 
cone friction force 
axial flange friction force Small issue: friction 
force is wrong in the 
second load increment 
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Analytical cross-check of the loads at the cone for the friction-free case: 
• The general relation between axial bolt force 𝐹𝑉 and the normal force 𝐹𝑁 at the cone is 
𝐹𝑉 = 𝐹𝑁
sin (𝛼 + 𝜌)
𝑐𝑜𝑠𝜌
 
 Herein we have the friction angle 𝜌 = arctan 𝜇 = 8.5307656 ° for µ=0.15 
• For a cone 1:6 the (half) cone angle  becomes 4.76364 ° 
• We obtain for our 24° segment (if the axial flange contact does not close!): 
𝐹𝑉 = 𝐹𝑁
𝑠𝑖𝑛 (4.76364° + 8.5307656°)
𝑐𝑜𝑠8.5307656°
= 0.232527 𝐹𝑁 
• For computation of the average pressure at the cone for a bolt force of FV=250 kN: 
𝑝𝑎𝑣 =
𝐹𝑁
𝐴𝑐𝑜𝑛𝑒
=
1075.142 𝑘𝑁
3282.56𝑚𝑚2
= 328 𝑀𝑃𝑎 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
flywheel 
shaft 
 We can again observe a 
good match of analytical 
and numerical results! 
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Contact pressure [MPa] for typical load cases – finite friction case (LDA) 
 1. Full bolt force applied; 2. Highest computed rotational load step before cone fully 
gaps (2100 rpm); 3. Full rotational speed (3000 rpm) – no closed contact at all! 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
𝐹𝑉 = 249.183 𝑘𝑁 
𝐹𝑁 = 1078.82 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 329 𝑀𝑃𝑎 
𝐹𝑉 = 10.145 𝑘𝑁 
𝐹𝑁 = 44 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 13.4 𝑀𝑃𝑎 
𝐹𝑉 = 0 𝑘𝑁 
𝐹𝑁 = 0 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 0 𝑀𝑃𝑎 
1. 2. 3. 
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Von Mises stress results [MPa] for typical load cases – finite friction case (LDA) 
 1. Full bolt force applied; 2. Highest computed rotational load step before cone fully 
gaps (2100 rpm); 3. Full rotational speed (3000 rpm) – no closed contact at all! 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
𝐹𝑉 = 249.183 𝑘𝑁 
𝐹𝑁 = 1078.82 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 329 𝑀𝑃𝑎 
𝐹𝑉 = 10.145 𝑘𝑁 
𝐹𝑁 = 44 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 13.4 𝑀𝑃𝑎 
𝐹𝑉 = 0 𝑘𝑁 
𝐹𝑁 = 0 𝑘𝑁 
𝑝𝑎𝑣,𝑐𝑜𝑛𝑒 = 0 𝑀𝑃𝑎 
1. 2. 3. 
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Axial displacement [mm] for typical load cases – finite friction case (LDA) 
 1. Full bolt force applied; 2. Highest computed rotational load step before cone fully 
gaps (2100 rpm); 3. Full rotational speed (3000 rpm) – no closed contact at all! 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
gap becomes smaller 
cone gaps! 
preloaded state 
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Conclusions: 
• The poor design of the connection becomes 
even more clear when taking into account 
finite friction 
• In this case, the cone is loaded less since the 
friction additionally counteracts the bolt 
force 
• This results in less axial displacement, so 
that the axial flange never closes 
• During additional rotational loading, the 
cone starts to slide again, since its diameter 
increases, and there is a total preload loss at 
the bolt! 
 
Remark:  
 The bolt then would show a different stress 
and displacement compared to the image 
right, since there the bolt head was merged 
to the flywheel 
 This was done for faster iterations and better 
numeric stability 
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2. Solution using a 3D segment model 
2.8 Complete analysis for the finite friction case 
Von Mises stress 
at 3000 rpm 
(displacement 
Magnification 
factor 10) 
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• Setting up the model as 2D axial symmetric model faces some challenges, but is very 
efficient for a quick while still very accurate nonlinear contact analysis 
• A couple of issues when using 2D axial symmetry & LDA in combination for this 
model have been identified and reported to PTC, e.g. 
 Incorrect thermal strains/stress under global temperature load 
 Incorrect normal and tangential force computation for finite friction 
contacts 
• After these issues are fixed, a detailed document will be provided with more details 
regarding 3D models and how to solve this example in 2D axial symmetry  
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3. Outlook 
3.1 Running the model in 2D axial symmetry 
Rev. 1.0 | 12.03.2018 
  
• A 100 pages document has been created how to compute the example on hand in 
various 3D and 2D models 
• This document is full of detailed information, many best practices, tricks and 
furthermore workarounds around actual code functionality limitations  
• Software issues found during creation of this document have been reported to PTC 
and are currently fixed by PTC R&D 
• After the code is successfully fixed, this document will be made available to the users 
with example models for self-education and own further studies 
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3. Outlook 
3.2 Full detailed information and best practices 
Rev. 1.0 | 12.03.2018 
flywheel 
shaft 
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Any Questions? 
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